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Abstract

Prenatal exposure to air pollution has been associated with autism spectrum disorder (ASD) risk
but no study has examined associations with ASD severity or functioning. Cognitive ability,
adaptive functioning, and ASD severity were assessed in 327 children with ASD from the
Childhood Autism Risks from Genetics and the Environment study using the Mullen Scales of
Early Learning (MSEL), the Vineland Adaptive Behavior Scales (VABS), and the Autism
Diagnostic Observation Schedule calibrated severity score. Estimates of nitrogen dioxide (NO5),
particulate matter (PM, 5 and PM1g), 0zone, and near-roadway air pollution were assigned to each
trimester of pregnancy and first year of life. Increasing prenatal and first year NO, exposures were
associated with decreased MSEL and VABS scores. Increasing PM1g exposure in the third
trimester was paradoxically associated with improved performance on the VABS. ASD severity
was not associated with air pollution exposure.
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Autism spectrum disorder (ASD) is a neurodevelopmental condition affecting 1 in 68
children in the United States (Christensen et al. 2016). Deficits in communication skills,
problems with social interactions, and repetitive behaviors are core characteristics of ASD,
but the severity of presentation varies widely per the Diagnostic and Statistical Manual of
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Mental Disorders, Fifth Edition (DSM-V) (American Psychiatric Association 2013). While
the most recent prevalence statistics, published in 2016, reflect diagnostic criteria prior to the
adaptation of DSM-V, DSM-1V and DSM-V diagnoses appear comparable suggesting that
prevalence is similar across criteria revisions (Huerta et al. 2012; Kim et al. 2014; Mattila et
al. 2011). Past research into AD etiology has heavily focused on the role of genetic
variation, more recent studies suggest that environmental exposures during gestation and
early life may be comparably important (Gaugler et al. 2014; Kim and Leventhal 2015).

Previous research suggests that neurodevelopment is adversely affected by exposure to
ambient air pollutants, including particulate matter, polyaromatic hydrocarbons, diesel
exhaust, nitrogen dioxide (NO>) and the near-roadway air pollutant mixture (Costa et al.
2015; Genkinger et al. 2015; Jedrychowski et al. 2015; Suades-Gonzalez et al. 2015). A
growing body of research has begun to use brain-imaging methods to examine exposure
effects directly on brain structure and function, identifying deficits in white matter, altered
brain connectivity, and vascularization (Chen et al. 2015; Peterson et al. 2015; Pujol et al.
2016; Wilker et al. 2016). Many studies have specifically examined the relationship between
ASD and in utero or early childhood air pollution exposure (Flores-Pajot et al. 2016; Lam et
al. 2016). Our own work reported a two-fold increase in the risk of autism among children of
mothers in California living within 300m of a freeway during gestation and the first year of
life in the Childhood Autism Risks from Genetics and the Environment (CHARGE) case-
control study (Volk et al. 2011). In the same subjects, increased residential near-roadway air
pollution (NRAP) exposure modeled from a line source dispersion model and regional
particulate matter less than 10 microns (PM1p) and 2.5 microns in aerodynamic diameter
(PM3 5) were also associated with a two-fold increased risk of autism (Molk et al. 2013).
More recent studies of criteria and traffic pollutants reported ASD associations with NRAP
exposure during pregnancy in Los Angeles (Becerra et al. 2013), prenatal PM, 5 exposure in
cases and controls nested in the Nurses Health Study (Raz et al. 2015), prenatal PM; in a
birth records study from North Carolina and Northern California (Kalkbrenner et al. 2015),
and with other regional air pollutant exposure, including sulfur dioxide, ozone, carbon
monoxide, and nitrogen dioxide, during the first four years of life in Taiwan (Jung et al.
2013). Hazardous air pollutants, including ambient metals, diesel particulate matter, and
volatile organic air pollutants, have also been linked to autism in epidemiological studies
(Kalkbrenner et al. 2010; Roberts et al. 2013; von Ehrenstein et al. 2014; Windham et al.
2006). Notably, such findings are not supported in the analyses of European birth cohort data
(Gong et al. 2016; Guxens et al. 2014).

Although these studies suggest a role for air pollution in the etiology of ASD, to our
knowledge no study has examined effects of degree of exposure on functioning among
children with ASD or on quantitative ASD measures in children. We further sought to
examine specificity of these associations in typically developing controls.

Description of Study Population

ASD cases from the CHARGE study were used for this analysis. CHARGE is a case-control
study of California children with autism, ASD, developmental delay, or typical development,

J Autism Dev Disord. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kerin et al.

Page 3

as previously described (Hertz-Picciotto et al. 2006). Eligibility criteria included ages 24-60
months at the time of initial recruitment contact, born in California, lived with at least one
biological parent who speaks English or Spanish, and resided within the study’s catchment
area of about 20 counties in northern California, the central valley and parts of the Los
Angeles metropolitan area. Potential participants were identified through the California
Department of Developmental Services (DDS) and its regional centers that coordinate
services for children with autism and developmental delay. Additional cases were enrolled
based on referrals from health and service providers, including the University of California,
Davis MIND Institute.

A total of 446 ASD cases from CHARGE were eligible for study. Scoring methods for the
ADOS-CSS for the 87 Southern California participants were not consistent with methods
used for the rest of the population; therefore, they were excluded from analysis. We excluded
29 from the analysis due to incomplete air pollution exposure because a residential address
was not recorded for each gestational trimester. Phenotype assessment scores were not
available for an additional 7. Two subjects were excluded as they did not meet criteria for
DSM-V ASD. A final sample of 325 ASD cases born between 1999 and 2007 were included
in this analysis. Separate analyses were conducted using data from 227 typically developing
controls from CHARGE.

Phenotype Assessment

As part of CHARGE, the Autism Diagnostic Interview-Revised (ADI-R) and the Autism
Diagnostic Observation Schedules (ADOS) were used to confirm a DSM-IV-TR autism or
ASD diagnosis, as previously described (Hertz-Picciotto et al. 2006). DSM-V criteria was
applied upon implementation in 2013 and our analyses include only subjects meeting criteria
for both DSM-IV-TR and DSM-V. The ADOS-derived Calculated Severity Score (ADOS-
CSS) (Gotham et al. 2009) is a clinician-derived outcome that that is normalized for
language ability and age (Gotham et al. 2012; Hus et al. 2012). It is computed from raw
scores of the 5 ADOS subscales for study subjects, resulting in a quantitative 10-point
severity metric (Gotham et al. 2009).

Additional data were collected to assess cognitive and adaptive function in CHARGE
participants. Cognitive ability was assessed using the Mullen Scales of Early Learning
(MSEL), which in children 3—-60 months of age provides verbal and non-verbal summary
scores for four subscales: fine motor, visual reception, expressive language, and receptive
language as well as a total composite score (Mullen 1995). The Vineland Adaptive Behavior
Scale (VABS) was used to rate adaptive function, indicating how an individual adjusts to
daily life activities (Kanne et al. 2011; Sparrow and Cicchetti 1985). The VABS provides
subscale scores for adaptive behavior across the domains of socialization, motor skills, daily
living skills, and communication, in addition to a composite score. In contrast to the CSS,
the MSEL and the VABS are not ASD-specific measures and have general population norms
allowing for the assessment of broad cognitive and adaptive behaviors that also may
accompany disabilities such as ASD (Kanne et al. 2011; Mullen 1995; Sparrow and
Cicchetti 1985). Our analysis used population-normed standardized scores available for the
VVABS. For the MSEL we calculated the developmental quotient (DQ), the age-equivalent
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MSEL score divided by the chronological age and multiplied by 100 (Lord et al. 2006;
Messinger et al. 2013). This avoided possible floor and ceiling effects in the MSEL
distribution, while allowing for examination of metrics similar to 1Q (Lord et al. 2006;
Munson et al. 2008). We calculated MSEL composite, verbal (calculated from the expressive
and receptive language subscales) and non-verbal DQs (calculated from the dependent living
and fine motor subscales).

Air Pollution Exposure Assessment

NRAP and criteria air pollutant exposures were assigned based on a parent-reported
residential history. In telephone interviews, parents were asked for their residential history
(including addresses and dates lived at each location) beginning 3 months before conception
and extending to the most recent place of residence. Using this information and the
conception date for each child, based on gestational age from ultrasonographic
measurements or the date of last menstrual period as determined from prenatal records, air
pollution exposure values were assigned for each trimester of pregnancy, and an all
pregnancy average (described previously in (Volk et al., 2013). When more than 1 address
fell into a time interval, we created a weighted average to reflect the exposure level of the
participant across the time of interest, taking into account changes in residence.

Addresses were geo-coded using the Tele Atlas database and software (Tele Atlas, Inc.,
Boston, CA, www.na.teleatlas.com). The CALINE4 line-source air-quality dispersion model
was applied to derive estimates of exposure to the complex NRAP mixture, as previously
described (Volk et al. 2013). Briefly, this model uses roadway geometry, link-based traffic
volumes, vehicle emission rates, wind speed and direction, atmospheric stability, and mixing
heights to estimate average concentrations for the specific locations and time periods
examined. Roadway geometry data and annual average daily traffic counts were obtained
from Tele Atlas/Geographic Data Technology in 2005, and represent traffic counts collected
between 1995 and 2000. Counts were scaled for our specific years of interest based on
estimated growth in county average vehicle-miles-traveled. Meteorological data from 56
local monitoring stations were matched to the dates and locations of interest. We used the
CALINE4 model to estimate locally varying ambient concentrations of nitrogen oxides NOx
contributed by freeways, non-freeways, and all roads located within 5 km of each child’s
home. These model-based concentrations should be viewed as an indicator of the estimated
near-roadway pollutant mixture rather than of effects of NOx or any other specific pollutant.

To assess regional pollutants, the EPA’s Air Quality System (AQS) regional air quality
measurements of PM, 5, PM1g, O3, and NO,, were obtained (https://aqgs.epa.gov/agsweb/
documents/data_mart_welcome.html) and monthly data from up to four monitoring stations
located within 50 km of each residence were used to assess average exposure for individual
time periods based on spatial interpolation of ambient concentrations via inverse distance-
squared weighting. If one or more stations were located within 5 km of a residence, only
data from those stations were used. For both NRAP and regional pollutants, individual air
pollution exposure levels were assigned for each trimester of pregnancy and a whole-
pregnancy average, as well as the first year of life (Volk et al. 2011; Volk et al. 2013).

J Autism Dev Disord. Author manuscript; available in PMC 2019 January 01.


http://www.na.teleatlas.com
https://aqs.epa.gov/aqsweb/documents/data_mart_welcome.html
https://aqs.epa.gov/aqsweb/documents/data_mart_welcome.html

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kerin et al.

Page 5

Statistical Analysis

Results

We first examined the relationship between demographic and socioeconomic factors and
MSEL, VABS, and CSS scores using univariate tests, including t-test or ANOVA, as
appropriate. Linear regression models were used to study the effect of prenatal air pollution
exposure on cognitive and adaptive function separately for ASD and typically developing
children. The relationship between prenatal air pollution exposure and ASD severity was
examined only in ASD cases. We first examined the effect of average exposure during
pregnancy, each trimester of pregnancy, and the first year of life in separate models. Next, to
try to identify the most relevant time period for each pollutant exposure for which an
association was observed, we adjusted each trimester association for other trimesters (e.g.
first trimester exposure was adjusted for second trimester exposure) and for first year effects.
All regional and near-roadway air pollutants were analyzed as continuous measures and
effect estimates were scaled to 2 standard deviations (SDs) of the average distribution of
each pollutant during pregnancy, in order to be able to compare health effect sizes across
pollutants. The MSEL DQ scores, CSS, and VABS were treated as continuous variables and
analyzed using linear regression. The VABS composite score and each of the subscale scores
were log transformed, with the exception of the motor skills subset, which satisfied
assumptions for linear regression, and results were back-transformed and presented as a
percent change in score.

All models were adjusted for potential socio-demographic confounders, including race and
ethnicity (Hispanic vs. White, Black/Asian/Other vs. White), parental education (parent with
highest of four levels: college degree or higher vs. some high school, high school degree, or
some college education), child gender, mother’s smoking during pregnancy (yes or no),
mother’s age at delivery (above or below 35 years), referral center (XXX or XXXX) or
home ownership (yes or no). Season of conception (Dec-Feb, March-May, June-August, or
September-Nov) was also examined as air pollution levels fluctuate across warm (March-
August) and cool seasons (September-February) and season of conception has been
associated with a slight increase in ASD risk (Zerbo et al. 2011). As a sensitivity analysis we
further adjusted models for year of birth and gestational age in weeks. Analyses were
conducted using the statistical package R (R version 3.0.1, The R Foundation for Statistical
Computing, www.r-project.org). Statistical significance was evaluated at a =0.05.

Among children with ASD, the VABS and MSEL DQ composite scores showed significant
differences by race, with white subjects having higher (better functioning) scores, and by
parents’ education level, with higher education levels of the parents associated with higher
child test scores (Table 1). VABS scores in children with ASD also differed by the mother’s
age at delivery, with mothers over 35 having children with higher scores. MSEL DQ
composite scores among children with ASD were higher for homeowners than parents who
did not own a home. Scores for composite MSEL DQ, VABS, and the CSS did not differ by
child gender, maternal smoking during pregnancy, and season of conception. The CSS was
comparable across all population characteristics but for Regional Center location, with the
Central California centers having lower (better) scores than the other centers. We also
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examined the correlation between the MSEL DQ, VABS, and CSS scores in children with
ASD. There was moderate correlation between the MSEL DQ and VABS composite scores,
and little correlation between many of these scores and the ADOS CSS. Subscale and
composite scores within each test showed moderate to high correlation. (Supplement Table
1).

Exposure distributions for NO,, O3, PMs 5, PM1, and NRAP are presented for the entire
pregnancy, each trimester and Year 1 of life in Figure 1. The means of each pollutant were
similar for all these metrics. Exposures to regional NO» (all pregnancy mean 14.5 ppb;
standard deviation (S.D.) 3.4 ppb) were below the national annual average air quality
standard of 53 ppb, with few exceptions. The mean all-pregnancy PM> 5 (pregnancy mean
12.9; S.D. 3.5) exceeded the current national standards of 12 pg/m3). The all-pregnancy
PM 1o and 8-hour daily maximum O3 averages were 24.0 ug/m3, S.D. 5.8 ug/m3 and 37.3
ppb, S.D. 8.1 ppb. There was a wide range of exposure to the NRAP mixture, for which
there also is no standard. Individual air pollutants showed moderate to high correlation
across time (Supplement Table 2). During pregnancy and the first year of life PM5 5 and
PMjo were highly correlated, while particulate exposure and NO, showed moderate
correlations (Supplement Table 2).

All-pregnancy and first year exposure associations

None of the scores on cognitive or adaptive scales was associated with overall prenatal or
year 1 exposures to Oy, PM, 5, PM1g or NRAP exposures. However, higher average regional
NO, exposure during pregnancy and the first year of life was associated with decreases in
both adaptive functioning and cognitive scores after adjustment for covariates (Table 2).
During pregnancy, there was a 11.0% (95% CI: —17.0%, —1.45%) decrease in VABS
composite score per 2 SD increase in NO (6.82 ppb). NO, was also associated with
decreased performance on the communication (-13.3% [95% CI: —23.7%, —2.71%]) and
socialization (—9.60% [95%CI: —18.6%, —0.43%]) subscale scores. Increased NO, exposure
was associated with decreased MSEL composite DQ performance (—7.47 points [(95%Cl:
-12.7, -2.21]) and on both MSEL DQ subscales: —9.72 points for the verbal subscale (95%
Cl: -15.7, -3.72), and —5.21 points for receptive language (95% CI: -10.3, -0.12).
Associations of cognitive and adaptive functioning with first year NO, were consistently
larger than with average pregnancy exposures, and additional associations that were
statistically significant for first year exposure included VABS dependent living (-10.6%
[-19.6%, —1.38%]). We did not find an association of any pollutant exposure with the CSS
(Table 2). Further adjustment for gestational age in weeks and year of birth did not change
results (Supplement Table 3).

Trimester-specific exposure associations

As for the entire pregnancy exposure, only NO, exposure showed trimester-specific
associations with the outcomes of interest. Specifically, NO, exposure in the first trimester
was associated with decreased VABS composite, communication and socialization scores,
and with decreased MSEL composite and verbal DQ scores. (See Table 3). Increasing NO,
exposure in the second and third trimesters was also associated with reduced adaptive and
cognition function, but the associations were weaker than with first trimester or year 1
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exposure, and associations with third trimester exposure were not statistically significant.
Third, but neither first nor second, trimester PM was, paradoxically, associated with
improved composite and the socialization subscale VABS scores. No other trimester-specific
pollutant exposures were associated with any outcomes.

Correlations of NO, exposures across developmental windows of exposure from trimester 1
to year 1 of life were between 0.46 and 0.66 (Supplemental Table 4), with the exception of
15t trimester with year 1 exposures (rho= —0.03). Thus, the seasonal variations were
sufficient to allow for modeling effects of two exposure windows in a single model. For NO,
exposures that were statistically significant (trimesters 1, 2 and year 1 exposures), we fitted
models with two periods of exposure, in an attempt to identify an unconfounded likely
developmental window for NO, effects. The diagonal (shaded) in Table 4 represents the
unadjusted trimester- and year 1-specific effect for each outcome (from Tables 2 and 3) that
can be compared to effects after adjustment for exposure in another period (estimates shown
across the same row). The association with each outcome, adjusted for another window of
exposure, is presented in unshaded cells across the row corresponding to the trimester of
interest. For example, the first trimester association of NO, with decreased VABS composite
score (=7.56%; 95% CI: —11.9%, —0.80%) was attenuated after adjustment for second
trimester exposure (=5.38%; 95% CI: —11.7%, 2.75%) or after adjustment for year 1
exposure (—3.26%; 95% Cl: —9.50%, 4.07%). Notably, associations with year 1 exposure
remained statistically significant after adjusting for other time points In these models, year 1
effects were generally larger than in unadjusted models, albeit with wider confidence
intervals, and the associations remained significant for the VABS composite,
communication, and dependent living scores, and all MSEL DQ scores. First-trimester NO,
associations with VABS and MSEL scores were no longer significant after adjustment for
second trimester NO, exposure. Adjustment for third-trimester exposure had little effect on
the pattern of associations of other exposures (results not shown).

Comparison of findings in typically developing controls

To improve understanding of these findings we examined these same relationships among
typically developing subjects. We found that the VABS composite score was higher in girls
than in boys (Supplemental Table 5). The MSEL DQ shows significant differences by
gender, maternal education, and homeownership, with higher scores seen in girls, children of
college graduate mothers, and homeowners. Children from the East Bay regional center
performed better than those from the other regional centers of the MSEL DQ. We did not
find any associations between prenatal air pollution exposure and VABS or MSEL scores
among typically developing children in adjusted models (Supplemental Table 6). First year
of life exposures to NO, and ozone were associated with improved performance on the
VABS dependent living and motor skills subscales, and MSEL non-verbal DQ.

Discussion

Among children with ASD, NO, exposures during pregnancy and the first year of life were
associated with increased impairment in cognitive and adaptive skills. Associations with
decreased language, communication, adaptive abilities, and fine motor skills were strongest
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during the first trimester of gestation and the first year of life. Notably the strongest
associations were found for first year of life, suggesting the importance of early postnatal air
pollution exposure on course of ASD. We did not observe associations between prenatal air
pollution and cognitive and adaptive behavior in typically developing subjects, suggesting
that the observed effects may not reflect on broad neurodevelopment and be limited to ASD
or other neurodevelopmental disorders.

Several air pollutants have been previously linked to ASD diagnosis (Becerra et al. 2013;
Raz et al. 2015; Roberts et al. 2013; Volk et al. 2011; Volk et al. 2013) and to neurological
and cognitive impairment in other populations of children (Morales et al. 2009; Perera et al.
2013; Wang et al. 2009). NO5, has also been associated with cognitive and verbal deficits
among children in several studies (Guxens et al. 2012a; Guxens et al. 2012b; Morales et al.
2009; Porta et al. 2015; Vrijheid et al. 2012; Wang et al. 2009; Yorifuji et al. 2015).
However, to our knowledge the effect of air pollution on cognitive and adaptive deficits
among children diagnosed with ASD has not been previously studied.

NO; is both a regional pollutant and a commonly measured proxy for NRAP, because NO,
has marked spatial variation in close proximity to major roadways (Zhu et al. 2002). Several
studies have found associations between NO, and neurocognitive outcomes in children in
settings in which NO, may have been a marker for the NRAP mixture (Guxens et al. 2012b;
Guxens and Sunyer 2012; Porta et al. 2015; Wang et al. 2009; Yorifuji et al. 2015). For
example, prenatal exposure to traffic-related NO, in Japan was associated with subsequent
decreased verbal ability, psychomotor ability and inability to express emotions in children
aged 2.5 to 5.5 years (Yorifuji et al. 2015), and in an Italian birth cohort with subsequent
decreased verbal cognitive development at seven years old (Porta et al. 2015). NO,, as a
proxy for NRAP, has also been associated with ASD (Becerra et al. 2013; Jung et al. 2013;
Volk et al. 2013), including in the CHARGE study (Volk et al 2013). However, in this
analysis focused on children with ASD, we did not observe associations of cognitive or
adaptive deficits with NRAP, which is likely to have been a better marker of the near-
roadway mixture than NO, estimated from the regional monitoring network. NO, may also
have been a proxy for some other unmeasured pollutant exposure. Diesel engines are a major
source for NO, in urban areas, and diesel exhaust particulate has been shown to produce
subsequent neurological deficits, including ASD-like phenotypes and altered behavior and
learning in rodents (Costa et al. 2014; Ema et al. 2013; Suzuki et al. 2010).

A separate literature has begun to support the hypothesis that small particles that have both
traffic and regional sources, including PM, s and even small ultrafine particles (UFP) less
than 100 nm in aerodynamic diameter, have an effect on the brain. Both UFP mass and
particle number have recently been recognized to have a substantial regional component due
to secondary photooxidation (Singh et al. 2006). UFP, which may be translocated into the
systemic circulation through the lung (Kreyling et al. 2004) and which has been shown
postnatally also to be translocated directly into the brain through the olfactory bulb, have
been associated with neuroinflammation and oxidative stress in the brain (Block and
Calderon-Garciduenas 2009; Lucchini et al. 2012). In a mouse model exposure to UFP
during gestation and early life at concentrations within the range of urban exposure caused a
pattern of developmental neurotoxicity consistent with what might be expected in ASD,
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including its greater impact in males (Allen et al. 2014; Allen et al. 2015). Only recently
have methods emerged for assignment of UFP in population studies, and were not available
at the time of our exposure assignments (Hu et al. 2015).

It is also possible that NO, itself was responsible for associations observed. Indoor NO,
from gas appliances, which is not a surrogate for pollutants from other ambient sources, has
been associated with deficits in cognitive function in children with early life exposure
(Morales et al. 2009; Vrijheid et al. 2012). NO,, is a powerful oxidant that generates free
radicals causing oxidative stress and inflammatory damage to the lungs when inhaled (Riva
et al. 2011), and because it is relatively water insoluble, the dose of NO, to the distal
airways and alveoli relative to ambient concentrations may be larger than some other
reactive pollutants, such as O3. Associated systemic oxidative stress and inflammation may
affect other organs including the brain (Morgan et al. 2011). In animal studies inhalation of
NO, caused widespread damage to the brain including neuronal damage in the hippocampus
(Li and Xin 2013) and depletion of lipids in the cerebral hemispheres, cerebellum, and mid
brain (Farahani and Hasan 1990; Farahani and Hasan 1992). Inhalation of NOy may cause
damage to the brain through mitochondrial damage (Yan et al. 2015), which can increase the
generation of reactive oxygen species in the brain (Calabrese et al. 2005; Li and Xin 2013)
and induce an altered signaling cascade of brain function, including energy production, cell
metabolism, and apoptosis triggering, which could affect brain development (Yan et al.
2015). Additionally, mitochondrial dysfunction has also been implicated in ASD (Correia et
al. 2006; Giulivi et al. 2010; Goh et al. 2014; Pons et al. 2004; Rossignol and Frye 2012;
Rossignol and Frye 2014; Weissman et al. 2008), and co-occurring mitochondrial disorders
are significantly higher in ASD subjects than the general population (Correia et al. 2006;
Oliveira et al. 2005; Rossignol and Frye 2012; Rossignol and Frye 2014). Despite this
rationale, no study to date has examined the effect of the air pollutant mix on
neurodevelopment with the goal of identifying the sole causal compound underlying these
observed relationships. Therefore, we cannot conclude that any one pollutant, for example
NO,, is responsible and it may be the mix of pollutants, for which NO, is a marker, truly
responsible for inducing systemic effects which effect the developing brain.

Recent studies have examined ASD risk with respect to trimester-specific windows of
susceptibility to prenatal air pollution exposure and have even suggested causal models
consistent with a third trimester association that has been observed in some studies (Raz et
al. 2015; Weisskopf et al. 2015). In contrast, we found that NO, exposure early in pregnancy
and during the first year of life may be more important when examining deficits in cognitive
and adaptive behaviors among autistic children. Our results suggest, in fact, that early life
exposure may be more important for broad cognitive impairment and are somewhat
consistent with recent reports of postnatal PAH exposure effects on verbal 1Q (Jedrychowski
et al. 2015). Further study of associations of developmental windows of exposure with
autism risk and autism phenotype which extend into childhood may provide insight into both
the shared effects of air pollution exposure on neurodevelopment more broadly and into
distinct mechanistic factors that may differentiate these general cognitive and adaptive
deficits from risk of ASD.
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Recent epidemiological studies of children and animal toxicological studies indicate that
early life PM, 5 exposure produces diffuse neurodevelopmental damage (Costa et al. 2014;
Costa et al. 2015), including associations with autism (Raz et al. 2015; Volk et al. 2013). We
observed no associations of cognitive, adaptive or autism severity scores with PM5 5.
However, the extent of deficits among children with autism that we studied here is a
different outcome from the risk of autism. Given the associations identified with composite
MSEL and VABS scores it is not surprising that we find further association with MSEL and
VABS subscales. While additional evaluation is needed these results may provide additional
insight into specific cognitive domains and processes affected by air pollution exposure,
balancing the statistical cost of additional analytic comparisons. Future research might
address language formation or executive function, drawing on associations with
communication subscales, to further evaluate the underpinnings on these results. In addition,
we unexpectedly found an association between third trimester PM1g and better adaptive
scores among children with ASD. These associations were significant in models adjusted for
PM1( exposure in other trimesters and for NO, exposure during the first or second trimester
or during the first year of life (results not shown), and were robust to adjustment for season.
Because there were no associations with PMs 5, if the associations with third trimester PMyq
are causal, they likely reflect an effect of the coarse PM fraction containing bioaerosols and
other components present in PMqq but not present in PM> 5. Additionally, these findings
appear to be isolated (limited to one subscale and one composite) and are likely a result of
random fluctuation or residual confounding, rather than a true association. Further
investigation is needed to see if these observations are reproducible.

Although we found associations of NO, with broad markers of neurodevelopmental delay in
children with ASD, no significant associations with the ADOS CSS, indicative of ASD
severity, were identified. In our study the CSS was only weakly correlated with the adaptive
and cognitive outcomes, consistent with another recent report (Thurm et al. 2015).
Therefore, it is possible that prenatal pollution exposure may broadly affect cognitive and
adaptive function phenotypes in children with autism but not the severity of the disorder.
Investigation of other measures of ASD-related quantitative traits, not currently available in
CHARGE, could help to corroborate these results and may also show stronger correlations
with measures of cognitive and adaptive function. We also speculate that additional factors,
such as genetic susceptibility, may interact with air pollution to increase risk of ASD in
pathways that do not contribute to disorder severity.

The higher cognitive and adaptive scores in white children and in children of older parents
and better educated parents may reflect true variation in disease phenotype among all
children with ASD, but also could reflect better ascertainment of children with milder
impairment of these domains in families with these characteristics that likely also correlate
with access to medical care and to state disability services. Because air pollution has been
found to be higher on average in low income, minority areas, and because the ASD children
in this study whose parents had lower education or were Hispanic or non-white scored lower
on both cognitive and adaptive scales, confounding from socioeconomic status would tend to
produce a bias away from the null. However, we adjusted all analyses for parental education,
race/ethnicity of the child, and home ownership, a proxy for wealth. The possibility of
residual confounding of the findings for NO, remains, either due to our categories not fully
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capturing the variation of SES or resulting from other related factors such as nutrition or
quality of parent-child interactions. Other possible limitations to this study include the
limited geographic coverage of the population that may affect generalizability of results and
the potential bias due to inaccurate recall of past residential addresses or measurement error
inherent in the reliance on a dispersed monitoring network for assigning personal indoor
residential exposure where children spend most of their time during gestation and early life
(Sheppard et al. 2012). This bias might have been non-differential with respect to the
outcomes, leading to an underestimate of the strength of observed effects (Dominici et al.
2000); it is possible, however, that children in some areas or population groups (e.g., rural
communities, Hispanic families) are spending more time outdoors or are from more transient
families, potentially giving rise to differential measurement error. MSEL and VABS
measurements are normalized to typically developing children.

In conclusion, we showed that prenatal NO, exposure was associated with cognitive and
adaptive deficits in a sample of children with ASD. Further study of effects of air pollution
and other environmental exposures on these outcomes may provide both new opportunities
for understanding the determinants of phenotypic characteristics of ASD and new targets for
prevention.
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Refer to Web version on PubMed Central for supplementary material.
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Distribution of ASD phenotype scores by sociodemographic characteristics and maternal smoking during

pregnancy
VABSS(ég?;p03|te MSII:DLQCS?:TIPeOSIte ADOS CSS
Covariate n (%) meanzsd meanzsd meanzsd
Overall score 325 (100%) 64.9+11.9 61.5+22.3 7.46 = 1.50
Sex
Female 44 (13.5%) 62.7+11.8 60.5 +20.4 7.42 +1.45
Male 281 (86.5%) 65.3+11.9 61.7+22.6 747 %151
D value™ 018 0.65 083
Center
Far North 137 (42.2%) 64.2 +10.6 62.1+22.7 7.69 +1.50
North Bay 54 (16.5%) 65.7 +13.7 62.2+24.4 7.25+152
East Bay 67 (20.5%) 64.3+11.2 60.4 +21.6 758 +1.41
Central CA 67 (20.8%) 66.6 + 13.5 60.7 +21.0 7.06 +1.49
o value™ 0.55 0.95 0.02
Race
White 180 (55.1%) 67.1+12.1 66.1+21.9 7.47 +1.48
Hispanic 90 (27.8%) 62.1+9.85 54.7+20.9 7.34+1.63
Other 55 (17.1%) 62.6 +12.9 57.3+22.7 7.62+1.37
p value™ <0.01 <0.01 0.56
Education
Less than College 115 (35.5%) 61.8+10.5 55.4+19.0 7.40 +1.51
College grad 124 (38.5%) 65.4+12.2 62.2 +22.8 7.60 +1.39
Grad/Prof degree 86 (26.0%) 68.5+12.2 68.6 + 23.7 7.35+1.64
p value™™ <0.01 <0.01 0.44
Mother’s Age
Under 35 240 (74.3%) 64.0 £ 10.6 61.0+225 7.45+151
35+ 85 (25.7%) 67.9+14.7 62.8 +21.9 7.49 +1.47
o value™ 0.03 0.51 082
Smoking while pregnant
No 298 (91.7%) 649+12.1 61.2+22.7 7.43+1.51
Yes 27 (8.3%) 65.2+8.7 64.5+17.3 7.81+1.33
p value™ 091 0.36 017
Season of
Conception
Warm 161 (49.5%) 64.6 +11.9 61.9+23.3 7.47 +1.48
Cool 164 (50.5%) 65.3+11.9 61.1+21.3 7.45+1.52
p value™ 0.56 0.76 0.88
Home Owner
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VABSS(ég?;p03|te MSII:DLQCSOCTIPEOSIte ADOS CSS
Covariate n (%) meanzsd meanzsd meanzsd
No 89 (27.5%) 63.6 115 57.8+233 7.57+1.61
Yes 233 (71.9%) 65.6 +12.0 63.2+21.8 7.44 +1.44
Missing 3(0.60%) 61.0+8.19 38.4+12.0 6.33 +2.52
o value® 0.34 0.03 0.33

*
Denotes comparison based on t-test;

*ok

Denotes comparison based on ANOVA
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